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Homogenates of chick dorsal root ganglia (DRG) and in vitro 
cultures of DRG neurons are known to synthesize prosta- 
glandin (PG) D,. To specify the PGD synthase isozymes con- 
trolling PGD, synthesis in DRG and to identify the DRG cells 
responsible for this synthesis, we applied polyclonal anti- 
bodies raised against rat brain or rat spleen PGD synthase 
isozymes to vibratome or cryostat slices of DRG previously 
fixed with a formaldehyde-lysine-periodate mixture and per- 
meabilized with Triton X-100. The immunoreactivity indicat- 
ing rat spleen PGD synthase, a glutathione (GSH)-requiring 
enzyme, was located in satellite cells encompassing partic- 
ular large neurons of class A and in Schwann cells myeli- 
nating and enwrapping their initial axonal segments. In 
contrast, the immunoreactivity of rat brain PGD synthase, a 
GSH-independent enzyme, was restricted to particular gan- 
glion cell perikarya: 33% of the DRG neurons were immu- 
nostained for rat brain PGD synthase, including 2% of large 
class A neurons and 40% of small class B neurons. Only 
3.3% of rat brain PGD synthase-immunoreactive small B 
neurons coexpressed substance P, indicating that the im- 
munoreactive neurons belong to the B, subclass. By electron 
microscopy, 71 of 72 immunoreactive DRG cells were iden- 
tified as small B neurons of the B, subclass, and 71 of 77 
B, neurons were immunoreactive for rat brain PGD synthase. 
These results demonstrate that PGD, formation in DRG is 
regulated by two isozymes: the GSH-requiring isozyme lo- 
cated in satellite and Schwann cells and the GSH-indepen- 
dent isozyme-confined to small B, neurons. 
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PGD, is one of the major PGs synthesized in the CNS of mam- 
mals (Abdel-Halim and Anggard, 1979; Shimizu et al., 1979; 
Gerozissis et al., 1983; Ogorochi et al., 1984). PGD, is involved 
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in modulation of important neural functions such as thermo- 
regulation, sleep, neurohormone release, and nociception (for 
reviews, see Davies et al., 1984; Barkai and Bazan, 1989; Ito et 
al., 1989; Shimizu and Wolfe, 1990; Hayaishi, 1991). Recent 
studies have demonstrated that PGD, is also synthesized in the 
PNS, especially in the dorsal root ganglia (DRG) and to a lesser 
extent in the sciatic nerve of chickens (Vesin and Droz, 199 1; 
Vesin et al., 199 1). In DRG, the existence of PGD synthase in 
DRG neurons could be indirectly surmised since PGD synthesis 
occurs in chick embryo DRG at an early developmental stage 
when DRG contain mostly maturing neurons (Vesin and Droz, 
199 1). Furthermore, neuron-enriched DRG cell cultures more 
actively metabolize arachidonate into PGD, than non-neuronal 
cell cultures such as Schwann cells (Vesin et al., 1991). Thus, 
DRG neurons are the most important, but not the sole, source 
of PGD,. In fact the problem of the cellular origin of PGD, is 
more complicated since DRG neurons are composed of two 
main classes: large and light A neurons and small and dark B 
neurons. Both classes are subdivided into two subclasses based 
on ultrastructural and immunocytochemical criteria (Philippe 
and Droz, 1988). Peripheral glial cells are also separated into 
two distinct groups: satellite cells and Schwann cells (Pannese, 
1974). The situation is even rendered more complex because 
PGD, is synthesized by at least three distinct enzymes (Ujihara 
et al., 1988a): (1) PGD synthase of the “spleen” type, a GSH- 
requiring enzyme (Christ-Hazelhof and Nugteren, 1979; Urade 
et al., 1987a), present in spleen, thymus, bone marrow, intestine, 
skin, and stomach (Uji&ua et al, 1988~; Urade et al., 1989b, 
1990a); (2) PGD synthase of the “brain” type, a GSH-indepen- 
dent enzyme (Urade et al., 1985) present in brain, spinal cord, 
and epididymis (Urade et al., 1987b, 1989a, 1993); and (3) the 
great variety of GSH S-transferases that convert PGH, into 
various PGs including PGD, (Ujihara et al., 1988b). 
In order to specify and localize the type of PGD synthase(s) 
in chick DRG, we undertook immunocytochemical detection 
of PGD synthases by using rabbit IgG raised against PGD syn- 
thase of the rat brain or the rat spleen type. The results clarify 
the presence of these two PGD synthase isozymes in distinct 
populations of chick DRG cells: (1) the “spleen” type of the 
enzyme confined to particular satellite cells surrounding large 
A neurons and to Schwann cells encompassing the initial seg- 
ment of the axon, and (2) the “brain” type of the enzyme located 
in small B primary sensory neurons and particularly concen- 
trated in the B, neurons, the latter of which rarely coexpress 
substance P. 
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Materials and Methods 
Goat anti-rabbit IgG and rabbit peroxidase-antiperoxidase complex 
were supplied by Bio-Science Products A.G. (Emmembrilcke, Switzer- 
land). Rabbit anti-mouse IgG and mouse peroxidase-antiperoxidase 
were from Dakopatts (Glostrup, Denmark). Diaminobenzidine tetra- 
chloride (DAB) was purchased from Fluka (Buchs, Switzerland); Reich- 
ert Jung Einbettmedium, from Cambridge Instruments GmbH (Nub- 
loch, Germany); and the liquid scintillation counting solution Kontrogel 
from Kontron (Zurich, Switzerland). Analytical reagents and all other 
solvents used were products of Merck (Darmstadt, Germany). 
Experimental procedure 
Tissue tixation and sectioninK. Anesthetized 12 d old chicken were per- 
fused intracardially first for2 min with 0.1 M sodium phosphate pH 
7.4. adiusted to 360 mOsm with NaCl (PBS) and then for 20 min with 
the following fixative mixture: 0.22% periodate, 0.4% lysine, and 4% 
formaldehyde in PBS (McLean and Nakane, 1974). The DRG were 
rapidly excised, decapsulated, and postlixed for 2 hr at 4°C in the same 
fixative solution. 
After fixation, tissues were extensively washed with PBS, and either 
directly sectioned as 20 Frn thick slices with a vibratome or cryopro- 
tected with sucrose gradient in PBS (1 hr in 5% sucrose, 2 hr in 15% 
sucrose, and finally 24 hr in 30% sucrose) and cut at a 10 pm thickness 
with a cryostat. 
Immunocytochemical detection of PGD synthases. Polyclonal anti- 
serum against PGD synthase of the rat brain type or rat spleen type was 
elicited in rabbits by immunization with enzymes purified to apparent 
homogeneity, and the IgG fractions were isolated (Urade et al., 1985; 
Urade et al., 1987a). The specificity of the polyclona! antibodies raised 
against the rat brain or rat spleen PGD synthase isozyme was charac- 
terized by Ouchterlony double immunodiffusion, immunoblot, and im- 
munotitration tests (Urade et al., 1985, 1987a) prior to use in the present 
study, and the two antisera were demonstrated to show no cross-reac- 
tion. 
The localization of the PGD synthases was investigated by the per- 
oxidase-antiperoxidase method ofstemberger (1979). Vibratome slices 
were incubated for 10 min at 20°C with 5% H,O, in PBS to quench 
endogenous peroxidase. After three 15 min washes, the slices were-prein- 
cubated for 45 min with 3% normal goat serum and incubated for 24 
hr at 4°C with rabbit IgG raised against rat brain or rat spleen PGD 
synthase (1: 1000). The rinsed slices were subsequently treated with goat 
anti-rabbit IgG (dilution, 1:40) for 45 min followed by peroxidase- 
antiperoxidase complex (dilution, 1: 100) for 30 min. All solutions were 
diluted in PBS containing 0.25% Triton X-100 (except when indicated). 
After repeated washes over a 45 min period, the peroxidase activity 
was revealed by incubating the slices for 5 min in 50 mM Tris HCl (pH 
7.4) containing 0.03% DAB and 0.01% H,O,. The slices were finally 
mounted in glycerol for light microscopy. 
In the immunocytochemical controls, antibodies specific for PGD 
synthase were replaced by normal rabbit serum or the primary anti- 
bodies preabsorbed with the cytosolic fraction of DRG, which is known 
to contain PGD synthase activity (Vesin and Droz, 199 1). In another 
control, normal goat serum was employed in place of the goat anti- 
rabbit IgG. 
Colocalization of PGD synthase and substance P. The colocalization 
of PGD synthase and substance P was investigated on adjacent cryostat 
slices collected on gelatin- coated slides. The detection of PGD synthase 
was performed as described above. The presence of substance P was 
visualized by the same procedure except that slices were sequentially 
treated with 1:500 dilution of substance P monoclonal antibody (mAB 
SP 31) kindly provided by Dr. J. Y. Couraud (Saclay, France), rabbit 
anti-mouse IgG (1:40), and mouse peroxidase-antiperoxidase complex 
(1: 100). For a control experiment, slices were treated with nonimmune 
ascites fluid (1:500) instead of the primary antibody. 
Electron microscopy. Vibratome slices were immunostained as de- 
scribed above except that (1) the incubation time to permeabilize the 
tissue with Triton X-100 was shortened to 30 min, and (2) the slices 
were postfixed for 30 min with 1% glutaraldehyde in PBS and succes- 
sively treated for 2 min with 1% gelatin and for 15 min with 30 mM 
lysine (pH 10) to block free aldehyde groups prior to the DAB reaction. 
After the DAB procedure, the slices were postfixed for 2 hr at room 
temperature in a 1: 1 (v/v) solution of 2% aqueous 0~0, and 3% aqueous 
K-ferrocyanide (Kamowski, 197 l), dehydrated through graded ethanol 
solutions, and finally flat-embedded in Epon (Reymond and Pickett- 
Table 1. Quantitative evaluation of large A and small B neurons 
immunostained with anti-ruf brain PGD synthase antibody 
Large A neurons Small B neurons 
Immuno- Immuno- 
Experi- 
ment 
reactive 
cells/total 
A cells 
2 
3 
4 
5 
6 
Total 
l/57 (1.8) 45/90 (50.0) 
l/48 (2.1) 74/206 (35.9) 
o/41 (0) 89/210 (42.4) 
l/45 (2.2) 72/233 (30.9) 
2/28 (7.1) 105/257 (40.9) 
O/23 (0) 156/414 (37.7) 
5/242 (2.2 f  1.1) 541/1410 (39.6 i 2.6p 
to4 
reactive 
cells/total 
B cells 
The cells in which the nucleus was present were counted and sized by measuring 
the largest diameter. These cells divided into two groups: (1) small B neurons with 
a diameter of 20-40 pm and (2) large A neurons with a diameter of 50-80 pm. 
The number of rat brain PGD synthase-immunoreactive cells was determined 
for each subpopulation in six different experiments. 
a Values are means f SE. 
Heaps, 1983). Serial 1 pm and 0.1 pm thick sections were obtained. 
The superficial 1 Km thick sections were used to locate the immuno- 
reactive cells under the light microscope. The adjacent 0.1 pm thick 
sections were counterstained for 5 min with lead citrate (Reynolds, 1963) 
and then examined with a Zeiss EMlOC electron microscope. 
Results 
Light microscopic distribution of PGD synthase immunoreactiv- 
ities assessed with antibodies against the rat brain and rat spleen 
enzymes 
After treatment of vibratome slices of chicken DRG with an- 
tibodies raised against rat brain PGD synthase, positive im- 
munostaining was first detected with a concentration ofantibody 
of 1 &ml, and the intensity increased up to 10 &ml while the 
background remained relatively low at this concentration (Fig. 
1A) and corresponded to that observed in control slices incu- 
bated with preimmune rabbit serum (Fig. 1 G) or the preab- 
sorbed antibody (Fig. 1 G,H). The specific immunoreaction was 
concentrated in perikarya of small B ganglion cells mainly con- 
fined to the mediodorsal region of the DRG (Fig. 1A). A few 
thin axons emerging from strongly immunostained ganglion cell 
bodies disclosed a weak immunoreactivity (Fig. 1A and C). 
A quantitative analysis ofa total of 1652 DRG neurons (Table 
1) showed that 33.0% of the neurons (546 cells) were immu- 
nostained in which 32.7% (541 cells) corresponded to small B 
neurons and 0.3% (5 cells) were large A neurons. The immu- 
noreactivity for rat brain PGD synthase was observed in about 
2% (5 of 242 cells) and 40% (54 1 of 14 10 cells) of the identified 
large A and small B neurons, respectively. The immunostained 
small B cells displayed granular peroxidase precipitates distrib- 
uted homogeneously throughout the perikaryon or aggregated 
in clumps (Fig. 1B). The immunoreactive ganglion cells were 
generally grouped together. The rare immunostained large A 
cells showed granular and scattered immunoprecipitates. 
When the immunocytochemical detection of PGD synthase 
in DRG was assayed with l-20 @/ml antibody raised against 
rat spleen PGD synthase, the intense, specific immunostaining 
was observed in satellite cells surrounding particular ganglion 
cell bodies of large class A neurons and in the cytoplasm of 
Schwann cells ensheathing the initial segment of their large my- 
elinated axons (Fig. lD-fl. In contrast, the perikaryon of DRG 
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Figure 1. Immunocytochemical localization of PGD synthase isozymes in chick DRG. Vibratome sections of the DRG were immunostained with 
anti-rat brain PGD synthase antibodies (A-C), anti-rat spleen PGD synthase antibodies (D-F), nonimmunized rabbit serum (G), and anti-rat brain 
PGD synthase antibodies preabsorbed with the cytosolic fraction of chick DRG (H). A, The immunoreactivity for rut bruin PGD synthase is 
localized in small B neurons in the mediodorsal part of DRG. The arrow shows thin unmyelinated axons exhibiting discrete immunoreactivity. 
B, At higher magnification, the immunodeposits appear aggregated in clumps in the cell body of a small B neuron but are not detected in two 
neighboring large A neurons. C, Immunoreactivity for PGD synthase of the bruin type is also observed in thin axons issuing from the dorsal root 
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cells encompassed by immunostained satellite cells displayed 
either a lack of immunoreactivity or slight and irregular im- 
munostaining that could have been due to the superimposed 
immunostained cytoplasm of satellite cells (Fig. lE,F). 
Dual detection of PGD synthase of the brain type and 
substance P in adjacent cryostat sections 
In cryostat sections of DRG treated with anti-rat brain PGD 
synthase IgG, the immunoreaction was observed principally in 
small dark B .neurons (Fig. 2A), displaying the same pattern as 
in the vibratome slices (Fig. 14. When the sections were in- 
cubated with anti-substance P antibody, positive immunostain- 
ing was mostly observed in the perinuclear zone corresponding 
to the Golgi apparatus of small dark B cells (Fig. 2B). Com- 
parison ofadjacent sections alternatively treated with antibodies 
against rat brain PGD synthase and substance P indicated that 
both immunoreactivities were localized to the class B neurons 
yet rarely coexisted in the same cell (Fig. 2A,B). A quantitative 
analysis of 250 small dark B neurons revealed that 20.1% were 
negative to both antibodies, 30.0% were rat brain PGD synthase 
immunopositive, 46.6% were substance P immunopositive, and 
only 3.3% displayed both immunoreactivities. 
Electron microscopic identification of DRG neurons 
immunostained with anti-rat brain PGD synthase antibodies. 
In 20 km thick vibratome slices that were processed for later 
electron microscopy, small B neurons showed intense immu- 
noreactivity for rat brain PGD synthase among nonimmuno- 
stained DRG cells. After Epon embedding of such slices and 
sectioning, the most superficial 1 pm thick section still displayed 
a clear immunoreaction in particular small B ganglion cell bod- 
ies (Fig. 34 that were immunopositive. In the third to fourth 
subsequent 1 pm thick sections, the immunopositive neurons 
gradually lost their immunostaining (Fig. 3B) so that the further 
0.1 pm thick sections failed to show any more immunoprecip- 
itates in the immunopositive ganglion cell bodies (Fig. 3C). The 
ultrastructural features of the rat brain PGD synthase bearing 
nerve cell bodies remained better preserved in the deep sections 
than in the superficial ones. We therefore used the deep thin 
sections to analyze the cytological criteria characterizing the 
neurons identified as being rat brain PGD synthase immuno- 
reactive. Among 72 PGD synthase-immunoreactive DRG cells, 
71 cells shared ultrastructural features specifically ascribed to 
small B neurons of the B, subclass (Philippe and Droz, 1988): 
a zonal organization of the organelles in the perikaryon, a par- 
allel arrangement of the rough endoplasmic reticulum in the 
outer zone of the cytoplasm, straight stacks of Golgi saccules in 
the medial zone, and shorter Golgi saccules intermingled with 
mitochondria predominating in the inner perinuclear zone (Fig. 
30). On the other hand, 7 1 out of 77 small B neurons of the B, 
subclass were immunoreactive for rat brain PGD synthase. 
t 
Figure 2. Distinct localization of the immunoreactivities for rat brain 
PGD synthase and substance P in small B neurons of chick DRG. 
Adjacent cryosections were immunostained with antibodies against rat 
brain PGD synthase (A) and substance P(B). Small B neurons possessing 
the immunoreactivity for rat bruin PGD synthase are marked by as- 
terisks in B, most of which are devoid of the immunoreactivity for 
substance P.Arrows in A and B point to one of the rare small B neuron 
exhibiting immunoreactivities to both rut bruin PGD synthase and sub- 
stance P. 
Discussion 
‘Rat brain “-type PGD synthase: a neuronal enzyme in 
chicken DRG 
The immunostaining obtained with antibodies raised against 
rat brain PGD synthase shows that the immunoreactivity for 
this isozyme in chick DRG is restricted to a subpopulation of 
small-sized neurons of class B preferentially located in the me- 
diodorsal region. These rat brain PGD synthase-positive neu- 
rons display ultrastructural traits ascribed to subclass B, neurons 
that express calbindin D-28k (Philippe and Droz, 1988) and 
rarely (l-2%) coexpress substance P (Due et al., 1991). The 
functional activity of the neuronal rat brain PGD synthase in 
the DRG was previously demonstrated in cultures of DRG neu- 
rons free of non-neuronal cells: in the absence of exogenous 
and entering the dorsal horn of the spinal cord. D, Immunoreactivity for rut spleen PGD synthase ncompasses most of the cell bodies of large A 
neurons in the lateroventral part of DRG. E, At higher magnification, the immunoreactivity for PGD synthase of the spleen type is localized to 
satellite cells surrounding large A neurons and to Schwann cells enwrapping the initial segment of the axon. The diffuse immunostaining occasionally 
detected in large A neurons is due to the superimposed immunoreactive satellite cell (see F). F, In a tangential section of the ganglion cells, the 
immunoreactivity is restricted to the satellite cells covering the neuronal cell bodies but does not extend to the neuronal perikaryon. G and H, No 
significant immunostaining isobserved with nonimmunized rabbit serum (G) or the absorbed anti-rut bruin PGD synthase antibodies (H). 
Figure 3. Electron microscopic identification of small B neurons possessing immunoreactivity for rut bruin PGD synthase. A, After Epon- 
embedding, the immunostained neurons are seen (asterisk) in the most superficial 1 pm thick section observed under the light microscope. B, In 
the fourth 1 pm thick section, the immunoreaction product is absent from the positive neuron. C and D (an enlargement of the area shown by the 
square in C), The electron micrographs of the adjacent thin section revealed that the ganglion cell (asterisks in A and B) previously confirmed to 
be immunopositive has the ultrastructural traits characteristic of primary sensory neurons of the subtype B,: parallel cisternae of rough endoplasmic 
reticulum (ER) in the outer zone of the cytoplasm and short Golgi sac&es (Go) intermingled with mitochondria (M) in the inner perinuclear zone. 
N, nucleus; Ax, axon; SC, satellite cell. 
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GSH, neuron-enriched DRG cell cultures synthesized PGD, 
more actively than PGE, (Vesin et al., 199 1). The poor im- 
munostaining of the thin axons issuing from the rat brain PGD 
synthase-positive perikarya is probably due to the limited sen- 
sitivity of the immunodetection procedure, since a reinforce- 
ment of the immunoreactivity is observed in particular axons 
of the dorsal roots entering the spinal cord and crossing the 
neuropil of the layers 2 and 3 of the dorsal horn (Fig. 1 C). Such 
a distribution of the isozyme suggests that rat brain PGD syn- 
thase is synthesized, like other proteins, in the neuronal peri- 
karyon, loosely bound to membrane (Urade et al., 1987b), and 
transported to preterminal axons of the spinal central branch 
in which the isozyme accumulates (Fig. 1 C). A similar process 
would occur in the distal branches innervating peripheral tar- 
gets. 
identified as B, and the rat spleen PGD synthase in peripheral 
glia enwrapping a subset of large class A ganglion cell bodies. 
The distinct cellular distribution of the two isozymes as well as 
their distinctly different GSH requirement and K,,, for the PGH, 
substrate (Urade et al., 1987a) suggests that the regulation of 
the PGD, synthesis by the two isozymes is different. 
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